The two apoptosis receptors of mammalian cells, i.e. the 55 kDa TNF receptor (TNF-RI) and CD95 (Fas/APOI) are activated independently of each other, however, their signaling involves a variety of ICE-related pro teases [1] . We used a cell-permeable inhibitor of ICE-like protease activity to examine in vivo whether post-receptor signaling of TNF and CD95 are fully independent processes. Mice pretreated with the inhibitor, Z-Y AD-fluoromethylketone (FMK) were dose-dependently protected from liver injury caused by CD95 activation as determined by plasma alanine aminotransferase and also from hepatocyte apoptosis assessed by DNA fragmentation (ID 50 = 0.1 mg/kg). A dose of 10 mg/kg protected mice also from liver injury induced by TNF-o:. Similar results were found when apoptosis was initiated via TNF-o: or via CD95 in primary murine hepatocytes (IC 50 = 1.5 nM) or in various human cell lines. In addition to prevention, an arrest of cell death by Z-YAD-FMK was demonstrated in vivo and in vitro after stimulation of apoptosis receptors. These findings show in vitro and in vivo in mammals that CD95 and the TNF-o: receptor share a distal proteolytic apoptosis signal.
Introduction
Physiological cell death, i.e. apoptosis can be activated in mammalian cells by at least two different, well-characterized receptors, CD95 (FasjAPO-l) and TNF-receptor 1 (TNF-RI, CDI20a). Uncontrolled activation of apoptosis receptors may not only lead to depletion of cell populations in peripheral blood but also to tissue destruction in organs such as the liver. For instance, CD95 receptor expression in liver excisions from patients with chronic hepatitis C, hepatitis B-related cirrhosis and acute liver failure was significantly higher than in normal tissue [2, 3] . Also CD95 levels of CD95 ligand were found during ongoing liver damage [3] and in liver-infiltrating mononuclear cells obtained from patients with chronic hepatitis C [4] . In livers rejected after allograft transplantation frequent occurrence of apoptotic cells has been observed [5] , suggesting that hepatocyte cell death in rejected organs may be a consequence of cytokine receptor-stimulated apoptosis.
The role of TNF in liver pathology has also been studied extensively. Experimentally, injection of this cytokine causes acute liver injury in animals [6, 7] . When high amounts of endogenous TNF are released due to the systemic presence of inflammogens, overstimulation of the inflammatory response with injury of the liver occurs in experimental animals. Liver injury caused by TNF is known to be potentiated by the indirect transcriptional inhibitor D-galactosamine (GaIN) [6] . The enhancement of TNF toxicity by GaIN is explained by the findings that TNF -(X causes apoptosis in liver under the condition of transcriptional arrest [8] , suggesting that apoptotic cell death might represent a key mechanism of cytokine-induced toxicity [9] . Several independent signals seem to control apoptosis in the liver, since it was recently shown in vivo that TNF-R1 and CD95 initiate hepatocyte apoptosis in mice independently of each other [10] . In various cell types it was found that CD95 and TNF-R1 share a common pathway of signal transduction, i.e. the activation of interleukin-l fJ converting enzyme (ICE)-like pro teases (new nomenclature: caspases) in order to initiate apoptosis [11] [12] [13] . The evidence that members of this novel cysteine protease family play an important role in apoptosis includes: (i) ICE-like protease activity is unregulated during mammalian apoptosis [13] ; (ii) overexpression of ICE-like pro teases results in apoptosis [14] [15] [16] [17] [18] ; (iii) inhibition of ICE-like proteases prevents apoptosis in an in vitro model system [19, 20] ; and (iv) in ICE knock-out mice some apoptotic processes are defective [21] .
It was further shown that other ICE-like proteases, such as CPP32 (cysteine protease P32) serve as a substrate for ICE. This proteolytic cleavage generates enzymatically active ICE-like pro teases from the inactive pro enzymes and results in subsequent induction of apoptosis. Such a sequence of events has been shown in the liver [13] and also in other systems [22] . It remains open where the suspected sequence of proteolytic interconversions is terminated and whether such an endpoint needs to be reached in order to execute apoptosis. Therefore we investigated whether a post-receptor signal that is needed for induction of apoptosis can be the same for both receptors.
Experimental

Materials
Benzyloxycarbonyl-val-ala-asp-(OMe) fluoromethylketone (Z-VAD-FMK) was synthesized by Sandoz (Basel, Switzerland). Recombinant TNF-(X was obtained from Dr G.R. Adolf, Bender and Co. (Vienna, Austria), D-galactosamine from Roth Chemicals (Karlsruhe, Germany), the nx123 bp molecular weight marker from Gibco (Eggenstein, Germany), the agonistic anti-murine anti-CD95 monoclonal antibody (anti-CD95) from Dianova (Hamburg, Germany), the anti-human anti-CD95 monoclonal antibody CH11 from Immunotech (Marseille, France), benzylcarbonylasp-2,6-dichlorobenzoyloxymethylketone (Z-D-CBK) from Bachem (Heidelberg, Germany) and Ac-asp-gluval-asp-aldehyd (Ac-DEVD-CHO) from Neosystem (Strasbourg, France). All reagents not further specified were from Sigma (Deisenhofen, Germany).
ICE cleaving activity assay
Z-val-ala-asp-7 -amino-4-methyl coumarin (Z-V AD-AMC) was used to assay activity by fluorescence quantitation of free AMC at an excitation wavelength of 365 nm and emission wavelength of 450 nm. Recombinant huICE (1 /1g) in 20 /11 10 mM HEPES, pH 7.5, 10% sucrose, 0.1% CHAPS was mixed with 10 /11 of inhibitor and 20 /11 of substrate in 96-well plates and incubated for 120 min at 37°C.
Inhibition of IL-1fJ release from LPS-stimulated THP-1 cells
THP-1 cells (0.5 x 106) were plated in 24 well culture dishes together with 100 U IFN-y in a total volume of 0.9 ml (RPMI1640 medium containing 2 mM L-glutamine and 5% heat-inactivated fetal calf serum). Inhibitors were added in 100 /11 3 h before addition of 10 /11 endotoxin (500 /1g/ml). After 40 h, media were centrifuged at 1000 x g for 10 min. IL-1fJ was assayed in the supernatant by ELISA (Cayman, France).
Murine tissue chamber model
A sterile teflon tissue chamber was subcutaneously implantated into the dorsal region of isofluran-anaesthetized mice as described [24] . Seven days later mice were treated 'locally' with Z-VAD-FMK. Then mediator production was initiated by adding suspension. Exudates were' sampled, 4 h later, centrifuged for removal of cells and stored at -20°C until further determination of IL-1fJ. A vehicle-treated (positive control) and a dexamethasone-treated (standard reference) group was always included. IDso values were calculated with a non-linear sigmoidal (four parameter) fitting procedure.
In vivo experiments
Male BALB/c mice (25 g) had free access to food and water for the cell preparations, or were starved overnight for the in vivo experiments; D-GalN (700 mg/kg body weight) was injected intraperitoneally (i.p.) in 300 /11 saline. RmuTNF-(X or anti-CD95 were given i.v. in a volume of 300 /11 saline (containing 0.1% human serum albumin, (HSA)). Z-VAD-FMK was predissolved in pure dimethylsulfoxide (DMSO), diluted with saline and given in a volume of 300 /11 (2% DMSO, i.v.). Blood samples, liver slices for histological studies and liver tis~ue for analysis of DNA fragmentation were obtained and prepared as described [8, 10] . 
Primary murine hepatocyte cultures and cell lines
Hepatocytes were isolated and cultured as described previously [8] . HepG2 (human hepatoma), HeLa (human cervical carcinoma) and THP1 cells were maintained in RPMI1640 medium containing 10% fetal calf serum (FCS) in 75 cm 2 flasks. The day before experiments were carried out, HepG2 or HeLa cells were harvested with trypsin/EDTA and plated in 200 ,ul RPMI1640 medium containing 10% newborn calf serum (NCS) in 24 well plates (1 x 10 5 cells/well). Before inhibitors and stimuli were added, the medium was exchanged for RPMI1640 medium without serum. TNF-a or anti-CD95 were added 30 min later. Actinomycin D (ActD, 400 ng/ml for sensitizing murine hepatocytes and HepG2 cells, respectively, towards TNF-a; and 1.6 ,ug/ml for sensitizing HepG2 cells towards anti-CD95) and cycloheximide (CHX, 100 ,uM for sensitizing HeLa cells towards rhuTNF-a) were added directly after the medium change. Experiments were carried out for 20 h at 37°C in an atmosphere composed of 5% CO 2 /40% O 2 /55% N 2 .
DNA-fragmentation and cytotoxicity
Lactate dehydrogenase (LDH) [23] was determined in culture supernatants (S), and in the remaining cell monolayer (C) after lysis with 0.1 % Triton X-lOO. The percentage of LDH release was calculated from the ratio of S /(S + C). Hepatocytolysis in vivo was determined by measuring the plasma activities of alanine aminotransferase (A LT) [23] . DNA fragmentation in hepatocyte cultures or in murine livers was quantitated by measuring cytosolic oligonucleosome-bound DNA using an ELISA-kit (Boehringer, Mannheim, Germany) or analyzed semiquantitatively by electrophoresis on 1.0% agarose gels as described [8] .
Statistics
Data are expressed as means ± S.D. In vitro experiments were repeated in at least three different cell preparations. Statistical differences were determined by an unpaired t-test if applicable or with the unpaired Welch test (in the case of inhomogeneous variances) or by using the Student's-Newman-Keuls test. A P value of less than 0.05 was considered to be significant.
Results
Characterization of Z-VAD-FMK
Z-VAD-FMK had the following activities in different test systems: (i) in an assay with rhuICE and the fluorogenic substrate Z-V AD-AMC the IC so of Z-VAD-FMK for inhibition of ICE was 5.8 nM (95% confidence interval (CI 9s %) = 3.1-10 nM); and (ii) the IC so for inhibition of lipopolysaccharide (LPS)-induced IL-1,8 release from THP1 cells was 120 nM (CI 9s % = 30-390 nM). To confirm these results under in vivo conditions we used an animal tissue chamber model [24] to determine the inhibitory capacity of Z-V AD-FMK on the release of IL-1,8 after local application into the mouse tissue chamber. The inflammatory response to zymosan administration alone (positive control) resulted in an average release of 2.7 ng/ml IL-1,8 into the chamber, compared to amounts below the detection limit, less than 0.1 ng/ml, in control animals challenged only with saline. Z-VAD-FMK inhibited the IL-1,8 release into the exudate at doses of I ,ug or greater. Compared to dexamethasone as a 100% reference, an IDso of 2.8 ,ug/chamber was calculated, which corresponds to a dose of about 0.1 mg/kg body weight in mice.
We then checked whether Z-VAD-FMK inhibits apoptosis in well-defined cell lines and compared the inhibition to other known inhibitors. Apoptosis in human anti-CD95-sensitive Jurkat cells was inhibited by Z-asp-2,6-dichlorobenzoyloxymethylketone (Z-D-CBK), Ac-DEVD-CHO or Z-VAD-FMK as determined by LDH release (Table 1) , oligonucleosomal DNA fragmentation and morphological alterations (not shown). Similar observations were made in the TNF-a-sensitive human HeLa cell line.
Protection of liver cells by Z-VAD-FMK
Freshly isolated hepatocytes exposed to 200 ng/ml anti-CD95 undergo apoptotic cell death within 20 h of incubation as characterized by apoptotic morphology, DNA fragmentation and subsequent LDH release [10] . In this cell system, anti-CD95-induced hepatocyte apoptosis was prevented in a concentration-dependent manner by an inhibitor of ICE-like proteins, i.e. Z-D-CBK (IC so = 11 .uM) ( Table 1) Hepatocytes from BALB/c mice were left to adhere to culture plates for 5 h in 400-hPa oxygen atmosphere. Medium was then substituted by pure RPMIl640 containing 200 ng/ml anti-CD95. At various timepoints after CD95 receptor stimulation 400 ,uM Ac-DEVD-CHO or 1 ,uM Z-VAD-FMK was added and incubations were continued. After a total incubation time of 20 h, cytotoxicty was determined by measurement of LDH release. Data are means of triplicate determinations ± S.D.
* P<O.01.
apoptosis would still be modulated by inhibition of ICE-like pro teases after addition of anti-CD95. In fact, significant protection of hepatocytes was observed when Z-VAD-FMK or Ac-DEVD-CHO were added up to 5 h after anti-CD95 (Table 2 ). To study TNF-a-mediated hepatocyte death, we incubated ActD-sensitized hepatocytes with recombinant murine TNF-a (rmuTNF-a) in the presence of various inhibitors of ICE-like proteases. The protection afforded by the inhibitors was comparable to the one seen in the CD95 system, i.e. apoptosis was prevented by either inhibition of ICE or inhibition of CPP32 (Table 1) . At inhibitor concentrations that completely prevented LDH release (1 .u M Z-VAD-FMK and 400 .uM Ac-DEVD-CHO) neither oligonucleosomal DNA fragments nor morphological signs of apoptosis were found (not shown). Similar results were observed in the human hepatoma cell line HepG2 exposed to either rhuTNF-a plus 400 ng/ml ActD, or to anti-human anti-CD95 plus ActD (Table 1 ). This indicates that the common inhibition of either apoptosis pathway by Z-V AD-FMK is not limited to the species mouse.
Prevention of fulminant liver injury in mice
Treatment of mice with anti-CD95 induces hepatocyte apoptosis and subsequent liver injury characterized by the release of transaminases and sorbitol dehydrogenase [10] . In this in vivo model, various doses of Z-VAD-FMK were given i.p. 15 min before intravenous injection of anti-CD95. Liver injury was deter- (Table 3 ). Protection was confirmed by analysis of DNA fragmentation in an agarose gel and by histological examination (not shown). We calculated a value of about 0.1 mg/kg body weight for half-maximal protection. In an alternative experimental setting, pretreatment by 10 mg Z-VAD-FMK/kg body weight protected D-galactosamine (GaIN)-sensitized mice from apoptotic liver injury induced by intravenous injection of rmuTNF-a (Table 2) . Livers ofZ-VAD-FMK-pretreated mice showed no laddering when hepatic DNA was analyzed on agarose gels (not shown). When Z-VAD-FMK (10 mg/kg body weight) was injected 15 min after the activating anti-CD95 (ALT, injury control: 2440 ± 1090 V/I), we still observed complete protection of the animals from liver injury (ALT: 74 ± 14 V/I) and apoptotic cell death (not shown). This experiment indicates that Z-VAD-FMK is effective even after activation of apoptosis-triggering receptors by their ligands. 4 . Discussion CD95 or TNF-Rl represent independent receptor systems of the liver that can induce apoptosis when individually activated by their ligands, i.e. CD95 ligand and TNF-a, respectively [25] [26] [27] . In contrast to the selectivity which we observed in vivo on the receptor level [10] , our results here demonstrate in vitro and in vivo that the intracellular signaling pathways of both receptors converge to a proteolytic step that can be inhibited by the same compound.
It has been shown previously by a molecular biological approach with bcl-2 overexpression, that CD95-mediated murine liver injury can be inhibited by prevention of apoptosis in hepatocytes [28] . These studies prove the principle that interference with the execution step of apoptosis may be a useful therapeutic approach. However, they do not yield defined mechanistic information, since the exact mode of action of bcl-2 is still unknown.
In our study we demonstrate in vivo that intervention with low-molecular weight inhibitors of defined pro teases prevents mammalian tissue apoptosis independent of an effect on the cytokine receptor activated in complex animal models of systemic hyperinfiammation. The design of our study did not allow us, at the present state of limited knowledge about the array of ICE-like proteases, to identify the molecular species of the proteolytic activity whose inhibition prevents or arrests apoptosis. Because we cannot exclude that a number of different ICE-like pro teases are inhibited by the peptide inhibitors we used, we based our conclusions on the fact that only one of these proteolytic activities is functional in such a distal position that its inhibition is sufficient to block apoptosis. From a practical point of view in medicine, these experiments demonstrate a potential therapeutic principle derived from a known mechanism of action, i.e. inhibition of members of the ICE-like protease family. We believe that a pharmacotherapy based on intervention with the control of apoptosis deserves further consideration, at least because several acute and chronic liver disorders including transplant rejection are known to be associated with overactivation of apoptosis-triggering receptors.
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